Fibrous aggregates of tau protein are characteristic features of Alzheimer's disease. We applied high-resolution atomic force (AFM) and electron (EM) microscopy to study fibrils assembled from different human tau isoforms and domains. All fibrils reveal structural polymorphism: "Thin twisted" and "thin smooth" fibrils resemble flat ribbons (cross section ~10x15 nm) with diverse twist periodicities. "Thick fibrils" show periodicities of ~65-70 nm and thicknesses of ~9-18 nm such as routinely reported for "paired helical filaments" (PHFs) but structurally resemble heavily twisted ribbons. Therefore, thin and thick fibrils assembled from different human tau isoforms challenge current structural models of PHFs. Furthermore, all tau fibrils reveal axial sub-periodicities of ~17-19 nm and, upon exposure to mechanical stress or hydrophobic surfaces, disassemble into uniform fragments that remain connected by thin thread-like structures (~2 nm). This hydrophobically induced disassembly is inhibited at enhanced electrolyte concentrations, indicating that the fragments resemble structural building blocks and the fibril integrity depends largely on hydrophobic and electrostatic interactions. Since full-length tau and repeat domain constructs assemble into fibrils of similar thickness, the "fuzzy coat" of tau protein termini surrounding the fibril axis is nearly invisible for AFM and EM, presumably due to its high flexibility.
Abnormal protein aggregation is a hallmark of a variety of human diseases, especially those appearing at advanced age. Alzheimer's disease (AD) is the leading cause of dementia in the elderly population and is characterized by two types of protein aggregates. Extracellular amyloid aggregates mainly consist of the Aβ protein while intracellular neurofibrillary tangles consist mainly of fibrils from tau, a microtubule binding protein (1, 2) . In both cases, the self-assembly of the proteins can be achieved in vitro from recombinant proteins, and mechanisms of these pathological reactions are under intense investigation (3) (4) (5) (6) (7) . It is hoped that the inhibition of pathological fibrous aggregates or their precursors would reduce the toxic effects on neurons (8) . To achieve this goal, knowledge on the building principles of such aggregates would be invaluable. Some progress along this road has been made for the fibrils of the Aβ peptide (40-42 residues): The embedded proteins have a high content of β-strands that fold in a U-shaped manner and stack to form pairs of parallel β-sheets (9) . By contrast, tau is 10 times larger (up to 441 residues, depending on the isoform (Fig. 1) ) and largely disordered. Details on the folding and subunit interactions in the aggregated state are mostly unknown, however, β -structure formation is important as well (10) (11) (12) .
The fibrils of tau in AD brains are commonly termed "paired helical filaments" (PHFs) because of their appearance in electron microscopy (EM) (13) . Two protofibrils seem to be wound around one another exposing a crossover repeat of ~80 nm, a maximal width of ~22 nm, and a narrow waist of ~12 nm ( Fig. 3 in (14) ). The twisted appearance is variable: ~10% of tau fibrils found in AD brains show no twist and are therefore called "straight filaments". In other diseases with tau pathology, the crossover repeat is ~160 nm (15) . Likewise, tau fibrils reassembled in vitro can display a variable twist between filaments assembled from different variants of tau proteins (e.g. different splicing variants), or even within a given filament. This has caused some concern whether the assembly products observed in vitro reflect those observed in AD brains. A plausible interpretation would be a slight variability in the contacts between subunits, which then can give rise to differences in the overall fibril appearance.
Another fundamental debate concerns the interpretation of the twisted appearance of the tau fibrils. As an alternative to the "paired helical" structure, it has been proposed that tau fibrils could be considered as flat ribbons with a width of ~22 nm and a height of ~12 nm that twist around their longitudinal axis (16) . The apparent groove running down the longitudinal axis could resemble an artifact of staining filling a depression in the fibril, rather than reflecting the division between two joining protofibrillar strands. The interpretation of PHFs as ribbons was mostly based on atomic force microscopy (AFM) and scanning tunnelling microscopy (STM) (17, 18) but was viewed with caution because of possible imaging artifacts (19) . However, consistent with the "ribbon" interpretation, the ends of filaments or filament fragments usually show clean sharp edges. In contrast, fibrils consisting of two or more protofibrils would be expected to occasionally reveal protruding ends, reminiscent of the protofilament stubs protruding from microtubules (MTs). This is not observed in the case of tau fibrils. In this report we therefore use mostly the term "tau fibrils" rather than PHFs or ribbons in order to avoid a bias in interpretation.
A further enigmatic aspect of tau fibrils is the nature of the "fuzzy coat", which can be digested from the "PHF core" (20) . The core protein coincides roughly with the tau repeat domain of ~100-120 residues and accounts for only ~25-30% of the entire tau protein. Thus, the fuzzy coat should represent the major protein fraction in tau fibrils but so far has escaped the detection by microscopic methods. For example, fibrils assembled in vitro from full-length tau or from the repeat domain alone show only minor differences in diameters by negative stain EM (21) . Similar results were obtained for tau proteins bound to MTs, that is, the unstructured "projection domain", which does not bind to MTs and largely coincides with the tau termini in the "fuzzy coat", is nearly invisible on negatively stained or cryo-preserved unstained MTs (22) .
Considering these open questions and the importance of aggregated tau as a potential target for therapy of AD and related tauopathies, we initiated a study of tau isoforms and tau domains by state-of-the-art AFM. Although AFM cannot provide the spatial resolution of EM, it provides topographs of biological specimen in buffer solution at an exceptional signal-to-noise ratio and a resolution approaching ~1 nm (23) . Thus, AFM allows single biological macromolecules to be observed at molecular detail. In addition, AFM allows manipulating single proteins to characterize their inter-and intra-molecular interactions (24, 25) . We applied high-resolution AFM to reveal detailed structural information of tau fibrils assembled from six different tau isoforms and repeat unit constructs. These experiments were conducted in buffer solution at room temperature to guarantee the native integrity of the tau fibrils. Instead of the commonly reported uniform PHF population, we found that all tau proteins self-assembled into fibrils that showed populations of variable apparent thickness and twist. Upon mechanical stress as well as exposure to hydrophobic surfaces, the fibrils disassembled into their oligomeric building blocks of ~15 nm length, which were connected by thin (height ~2 nm) thread-like stretches. We further demonstrate that hydrophobic and electrostatic interactions play a major role in stabilizing tau fibrils.
EXPERIMANTAL PROCEDURES
Chemicals and proteins-Heparin (average MW of 6000 Da), GdnHCl and ThS were purchased from Sigma-Aldrich (Munich, Germany). Fulllength human tau isoforms hTau40, hTau23, hTauΔK280 and tau constructs K19, K18 and K18ΔK280 (Fig. 1A) were expressed in E. coli and purified by heat treatment and FPLC Mono S chromatography (Amersham Pharmacia) as described (21) . The purity of the proteins was analyzed by SDS-PAGE and the protein concentrations were determined by absorbance at 214 nm.
PHF assembly-Aggregation was induced by incubating soluble tau or tau constructs typically in the range of 50 µM in volumes of 20 µl at 37°C in 20 mM BES pH 7.4 plus 25 mM NaCl buffer with the anionic cofactor heparin 6000 (molar ratio of tau to heparin = 4:1) for incubation times of ~3 days for short constructs (K18, K19, K18ΔK280) or ~6-7 days for full length proteins (hTau40, hTau23, hTauΔK280). The formation of aggregates was monitored by ThS fluorescence and electron microscopy.
ThS fluorescence-5 µl of 50 µM assembly reactions were diluted to 50 µl with NH 4 Ac pH 7 containing 20 µM ThS. Then ThS fluorescence was measured in a Tecan spectrofluorimeter (Crailsheim, Germany) with an excitation wavelength of 440 nm and an emission wavelength of 521 nm (slit width 7.5 nm each) in a 384 well plate (black microtiter 384 plate round well; ThermoLabsystems, Dreieich, Germany). Measurements were carried out at 25°C and the background fluorescence was subtracted when needed.
Electron microscopy-Protein solutions were diluted to 1-10 µM and placed on 600 mesh carbon coated copper grids for 45 s, washed twice with H 2 O, and negatively stained with 2% uranyl acetate for 45 s. The samples were examined with Philips CM12 electron microscope at 100 kV.
AFM sample immobilization on mica and HOPG-The tau sample was diluted in PBS or in adsorption buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl) to a final concentration of 1-2 µM. A drop (~20 µl) of the tau solution was placed onto freshly cleaved mica or highly ordered pyrolytic graphite (HOPG) to allow adsorption of the sample for ~15 min. Excess protein was removed by rinsing the sample with imaging buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl). To characterize the influence of ions on the tau fibril morphology, the imaging buffer (10 mM Tris-HCl, pH 7.4) had varying electrolyte concentrations (0, 10, 50, 166 and 300 mM KCl or 50 mM NaCl). Low pH imaging was done using adsorption and imaging in buffer (10mM acetate, 10 mM KCl) adjusted to pH 5. For high pH imaging, adsorption and imaging of tau fibrils were done in 10 mM Tris, 150 mM KCl adjusted to pH 9. When mentioned, HOPG was coated by poly-L-lysine, L-glutamate or Lthreonine (Sigma-Aldrich) using adsorption buffer containing 0.1% of the respective amino acid. To crosslink fibrils adsorbed to mica, they were first adsorbed to mica, then incubated for 30-60 s in adsorption buffer containing 0.5% glutaraldehyde, and subsequently washed several times with imaging buffer. Crosslinking of tau fibrils in solution prior to surface deposition was achieved by adding 0.5% glutaraldehyde for 15-30 s to the fibril solution containing 1-2 µM tau protein.
AFM imaging and data analysis-AFM imaging was performed in oscillation mode using a Nanoscope III (Di-Veeco, Santa Barbara, CA) and Si 3 N 4 cantilevers (NPS series, Di-Veeco) exhibiting spring constants of ~0.32 N/m at resonance frequencies in buffer of 8.5 to 10 kHz. To achieve minimal imaging forces between AFM stylus and sample, the drive amplitude was set between 0.5 and 1.0 V and the amplitude setpoint was adjusted manually to compensate for the thermal drift of the AFM. Mean bending angles of tau fibrils were determined semi-automatically by employing a DNA tracing routine in LabVIEW (National Instruments) (26) . The persistence length of each fibril was calculated from the Gaussian variance of bending angles according to (27) .
Fibril heights were measured from crosssections perpendicular to the long fibril axis. Height profiles were taken along the longitudinal fibril axis (Fig. 4) . Fibril periodicities were determined from Fourier transformations (IGOR Pro version 5.04B, WaveMetrics Inc.) of topographs along the longitudinal fibril axis (ImageJ 1.37v software). Gaussian fits to all apparent peaks in the Fourier spectra provided the periodicities further analyzed in histograms to determine the most probable periodicities (Fig. 3) . For presentation all topographs were tilted by 5˚ (ImageSXM 176-1C, Steve Barrett, Liverpool, UK) to allow perspective view.
RESULTS

Tau proteins assemble into polymorphous fibrils.
In this work we characterize the structure of fibrils assembled in vitro from various tau isoforms and constructs with different domain compositions (Fig. 1A) . Assembly was initiated by the polyanionic cofactor heparin, which helps to overcome the kinetic nucleation barrier and reproduces tau fibrils with bona fide PHF-like structures (28, 29) . The longest isoform in the human central nervous system (CNS), hTau40, contains a repeat domain of four repeats (R1 to R4) and consists of 441 amino acids (aa). The three repeat isoform hTau23 lacks R2 and is 352 aa long. The deletion mutation ΔK280, which has been discovered in tau related dementia FTDP-17 (30) significantly enhances the speed of tau aggregation into fibrils (31) . Constructs containing only the repeat domains of hTau40, hTau23 and hTau40∆K280 are named K18 (130 aa), K19 (99 aa) and K18∆K280 (129 aa), respectively. Although considerably shorter, the repeat domain-only constructs form fibrils similar to the full-length proteins but are more prone to aggregation, presumably because they are lacking the N-and Cterminal domains that protect the core against unfavorable interactions (7, 32) . Randomly picked micrographs of all in vitro preparations showed an unexpected degree of polymorphic fibril appearances in both AFM and EM (Fig. 1B-D) . Compared to EM images, AFM topographs provided a superior contrast. The fibrils had different lengths and their morphology varied in bending, periodicity, twisting, thickness, and substructure. This heterogeneity was independent of the tau isoform from which the fibrils selfassembled ( Fig. 1, supplementary Fig. S1-S3) .
Next, we investigated whether the fibril morphologies depend on the electrolyte and pH of the buffer solution or on the properties of the supporting surface. We adsorbed tau fibrils to different AFM supports in buffer solutions with electrolyte concentrations ranging between 50 and 500 mM NaCl or KCl and pH of 5.0, 6.0, 7.4 and 8.0. The AFM supports tested where hydrophobic highly ordered pyrolitic graphite (HOPG), HOPG coated with positively charged poly-L-lysine and hydrophilic mica. In all cases, we could not observe significant variations in the structural properties (thickness, bending and twisting) of the fibrils (data not shown). Furthermore, we tested whether this polymorphism depends on sample preparation artifacts. Therefore we imaged all fibrils of the different tau isoforms in their native state (Fig. 1 , Fig. S1-S3) , and in the fixed state, in which the fibrils were crosslinked before or after adsorption to the microscopy support using 0.5% glutaraldehyde. In all cases, the tau fibrils imaged in buffer solution showed the same structural diversity. Thus, we conclude that the fibril polymorphism reflects an inherent property of tau. In the following, we characterized the tau fibril morphologies in more detail.
Fibrils from different tau proteins form equivalent structural classes. We first describe AFM topographs of fibrils prepared from the longest human 4-repeat tau isoform, hTau40, and the shortest 3-repeat construct, K19 ( Fig. 1A and 2) . The fibrils revealed a diversity of appearances in terms of height, twist, coiling, and substructure, whereas the apparent width (measured across the fibrils) remained roughly comparable, about 40-60 nm. This enhanced width is explained by the broadening artifact that results from the non-linear so-called "stylus convolution" of the fibril with the AFM stylus (see Experimental procedures) (19) . In contrast, AFM contours the sample height as well as height variations very accurately with a resolution of ≤ 0.5 nm (33, 34) . We thus decided to judge the diameter of fibrils in AFM topographs from their height (Fig. 3) . Fibrils assembled from both hTau40 and K19 could be categorized into three classes: thick corrugated fibrils, thin corrugated fibrils and thin smooth fibrils (Table S1 ). Thick fibrils assembled from hTau40 had thicknesses (AFM heights) between 11.5±1.3 nm (average±SD; n=39) and 18.5±1.7 nm (n=56) (Fig.   3A-D, Table S1 ). In the case of the repeat domain K19, the height of thick fibrils varied between 10.2±1.2 nm (n=36) and 15.9±1.3 nm (n=29) (Fig.  3A-D) . The pronounced corrugation along the longitudinal axis (marked '' in Fig. 1 , 2, S2, S3) indicates a twisted structure with a mean periodicity of 67.5±2.0 nm (n=16) for hTau40 and 60.4±1.2 nm (n=20) for K19 (Fig. 2, 3 , Table S2 ). Thick fibrils assembled from hTau40 (~18.5 nm) and K19 (~15.9 nm) showed a mean bending angle, q, of 2.2 ±1.3 degrees (n=40) and persistence length, l p , of 2.4 ± 0.7 µm (Table S3 ). Accordingly, thick fibrils exhibited almost no bending and frequently broke into smaller fragments of variable lengths.
Thin fibrils showed large variations in bending and corrugation (Fig. 2, 3 ). Corrugated hTau40 thin fibrils ranged in thickness from 9.8±1.2 nm (n=137) to 14.5±1.8 nm (n=152), a mean bending angle of 1.9±1.1 degrees (n=34) and a persistence length of 3.2±0.6 µm (Table S3 ). The thickness of K19 fibrils ranged from 6.9±0.8 nm (n=40) to 13.4±1.2 nm (n=39). The mean twist periodicity along the longitudinal fibril axis was 47.8±0.9 nm (hTau40; n=38) and 46.3±4.3 nm (K19; n=47) ( Fig. 2O , Table S2 ). In some cases, variable periodicities were observed in the same fibril (Fig. 2C, L) . The ability of tau fibrils to bend appeared to be independent of their periodicity. Thin smooth fibrils from hTau40 and K19 that did not reveal obvious corrugations showed an average thickness of 11.0±1.9 nm (n=140) and 9.4±1.0 nm (n=33), respectively. Such fibrils were either straight (q = 2.1±0.9 degrees, l p = 4.3±2.5 µm, n=62) or curved with wavy or spiral-like appearance (q = 2.4±1.4 degrees, l p = 2.0±0.8 mm, n=10) (Fig. 1C , D and 2A, D, E). If the fibrils were fixed in solution with 0.5% glutaraldehyde prior to adsorption, long straight and large screw-like fibrils were observed (data not shown). We conclude that the wavy and spiral-like fibrils formed from previously screwlike structures upon adsorption to the support (Fig.  1C , D, Fig. 2A , D, H). We found that in the case of hTau40, the thick fibrils made up ~40% (n=183) of all fibrils, while the remaining thin fibrils exhibited thicknesses between ~10-11 nm. Thick and thin fibrils were observed for all tau isoforms studied, although the abundance of thick fibrils was variable between 20-75% (Table S1 ). Comparing the periodicity and thickness of thick tau fibrils characterized here by AFM with the periodicity of ~80 nm and width of ~22 nm reported for PHFs by EM (13, 14) , it may be concluded that the thick tau fibrils reflect the commonly reported PHF structure. This interpretation would be in agreement with previous AFM studies (17, 35) . However, the coexistence of thin smooth, thin corrugated and thick fibrils reassembled from the same tau proteins suggest that these different structural classes may be gathered from tau proteins showing different assemblies or conformations.
Fibrils from different tau proteins reveal similar sub-periodicities. In addition to the coarse height variations of tau fibrils, high-resolution AFM topographs revealed corrugations of smaller magnitude with periodicities of 17.4±2.7 nm (n=16) and 17.2±0.3 nm (n=11) in thin smooth and thin twisted fibrils of hTau40 and K19 (Fig. 2B, D Table S2 ). Occasionally, we observed similar periodic substructures in thick tau fibrils. However, due to the strong corrugation of thick fibrils their finer substructures could be hardly contoured by the scanning AFM stylus. The described variations in thickness, twist and bending of tau fibrils reflect their structural heterogeneity. However, all fibrils showed similar small height corrugations that indicated a periodic substructure of ~17-19 nm. Based on this common structural feature, it may be concluded that there is a uniform building block from which tau fibrils assemble. In the next experiments we mechanically disassembled individual tau fibrils to reveal further insight into their stability and architecture.
Mechanical dissection of tau fibrils.To obtain topographs of unperturbed tau fibrils, the forces applied by the scanning AFM stylus had to be kept below 100 pN ( Fig. 1-3 ). In the following experiments we first imaged hTau40 fibrils at such minimal forces (Fig. 4) . Then, we slightly increased the imaging forces to ~150-200 pN to apply mechanical stress to selected regions of tau fibrils (force from left-to-right in Fig. 4A , B). After this, the fibrils were re-imaged at minimal forces. The applied mechanical stress was sufficient to induce the step-wise disassembly of the fibrils into smaller fragments (arrows). Other fibrils were simply displaced. High-resolution topographs (Fig.  4D, E) showed that the fragments of mechanically disassembled hTau40 fibrils were 9.0±2.0 nm (n=102) high (Fig. S4C ) and remained connected by thread-like structures exhibiting heights of 2.6±1.0 nm (n=74). The length of the disassembled fragments were broadly distributed between 9 and 55 nm showing five preferred peaks around 14.9±0.1 nm, 21.3±0.3 nm, 26.2±0.6nm, 36.0±0.1 nm, and 48.4±1.5 nm (n=224) (Fig. 4F) . The shortest fragment length (~15 nm) resembled the short periodicity of ~16 nm along the fibrils axis. The increments to longer fragments varied from 5 to 12 nm, for both hTau40 and K19, indicating similar mechanical constraints for both types of fibrils. Interestingly, sonication for ~10 min (120 W) prior to adsorption to mica induced structurally similar disassembly of tau fibrils (data not shown). Such sonication-induced fragments could function as nucleation seeds for fibril re-assembly (32). However, chemical crosslinking with 0.5% glutaraldehyde prevented the mechanically induced disassembly of tau fibrils even when applying much higher stressing forces (data not shown). Mechanically induced disassembly of tau fibrils was observed for all tau isoforms and occurred independently of ionic strength (up to 300 mM KCl or NaCl) and pH (from 5 to 9).
To mechanically disassemble thick tau fibrils, we had to apply higher scanning forces (~300 pN). In most cases these thick fibrils broke into ~200-500 nm long fragments of thick tau fibrils that showed sharp edges (Fig. S2H, S3K ). Occasionally‚ mechanically stressed thick twisted tau fibrils disassembled, similar to thin fibrils, into much smaller fragments. Our experiments showed that mechanical stress could induce the disassembly of tau fibrils into shorter fragments. However, in spite of breakage the fragments remained somehow connected by thread-like structures. But which were the interactions that hold the fragments in tau fibrils together? In the next chapter we address this question and investigate interactions that contribute to tau fibril stability.
Hydrophobic and electrostatic interactions stabilize tau fibrils. It has been proposed that the core of PHFs consists of stacked β-strands formed by the repeat domains of tau (36) that are stabilized by hydrophobic interactions around the hexapeptide motifs (Fig. 1A) while the outer surface of tau fibrils is largely charged or polar (37) . The interaction of proteins with solid surfaces can induce conformational changes that destabilize the protein, often accompanied by a loss in activity (reviewed in (38) ). This is especially true for hydrophilic proteins adsorbed to hydrophobic surfaces, where the hydrophobic core of the native protein folds towards the hydrophobic support (39, 40) leading to malfunction and denaturation. We decided to investigate whether a similar effect would denature tau fibrils when adsorbed to a hydrophobic surface. When adsorbing tau fibrils in low salt (≤ 50 mM NaCl or KCl) to the hydrophobic surface of HOPG, the majority of fibrils spontaneously disassembled (Fig. 4, S4A) . This disassembly was similar to that observed upon applying mechanical stress. The disassembled fibrils showed fragments that remained connected by thin thread-like chains having heights of 9.3±2.3 nm (n=27) and 1.5±1.3 nm (n=21), respectively. When the fibrils were exposed to HOPG for long times (> 75h), all fibrils disassembled and the support was covered with a thin layer showing a height of 1.3±0.2 nm (n=23) (data not shown). Such fragmentation of tau fibrils on HOPG was observed for full length proteins and for repeat domain constructs at pH 7.4 at low ionic strength (≤ 50 mM NaCl or KCl) (Fig. 4C, S4B, E) . However, when increasing the electrolyte concentration to ≥ 200 mM KCl or NaCl, the fibrils stopped disassembling. By contrast, when adsorbed to hydrophilic mica, tau fibrils were structurally stable for many hours (>72 h) in a broad pH range of 5-9, independently of the electrolyte composition and concentration. The disassembly of tau fibrils was also inhibited when crosslinked by 0.5% glutaraldehyde before exposure to the hydrophobic support. Furthermore, coating the hydrophobic HOPG prior to fibril adsorption with either positively charged (poly-L-lysine), negatively charged (L-glutamate) or neutral polar (L-threonine) amino acids prevented tau fibrils from disassembly (Fig. S4F) . In the latter case, the fibril morphologies were similar to that of intact fibrils on mica and of fibrils that had been fixed with glutaraldehyde before adsorption. These observations suggest that the exposure of tau fibrils to a hydrophobic environment competes with hydrophobic interactions that stabilize the fibril. If this competition of hydrophobic interactions is lost the fibrils disassemble into smaller fragments.
DISCUSSION
Tau fibrils are polymorphic but show common properties. The observed polymorphism of tau fibrils may resemble different ways of how tau assembles into fibrils. The flexibility of the different fibril classes, as judged by their persistence length (Table S3) , was found to be very similar to that observed for β-lactoglobulin amyloid fibrils (~1.6µm) (41) and in the range of actin fibres (~15 µm) (42) . We found that the persistence length of each fibril class -thin smooth, thin corrugated and thick fibrils -remained unchanged for various buffer conditions and supporting surfaces. In addition the persistence length for each fibril class was the same among different tau isoforms. These results, in combination with the rather high persistence length in the µm-range, support the view that the different tau fibrils resemble distinct, structurally well-defined assemblies of low flexibility. Despite their rather large structural heterogeneity, tau fibrils share common features. First, thick and thin fibrils exposed a ~17-19 nm periodicity. The protein mass per fibril length obtained from STEM measurements on purified unstained fibrils (von Bergen, 2006) suggested an average density of ~3.5 mol*nm -1 full-length hTau40 and ~4.5 mol*nm -1 in the fibrils. Accordingly, a ~17 nm subunit would consist of 17 nm * 3.5 mol/nm ≈ 60 hTau40 molecules and 17 nm * 4.5 mol/nm ≈ 77 K19 molecules. Such dimensions of a subunit seems reasonable when compared to oligomers of other amyloid-forming proteins like Aβ (~40 molecules Aβ (43)) or the prion protein (14-28 molecules PrP sc (44) ). Second, all thin and thick fibrils showed the same minimal height (thickness) of ~9-11 nm. Third, all fibrils could disassemble into smaller fragments that remained connected by a thread-like structure. Forth, hydrophobic interactions seem to play a major role for the integrity of the fibrils, regardless of the given tau isoform and the presence of the N-and C-terminus. Fifth, electrostatic interactions could be tuned to compensate destabilizing hydrophobic interactions. All fibrils assembled from tau isoforms and constructs investigated in this work showed these features, suggesting that the assembly of tau into differently shaped fibrils may follow common mechanisms.
In order to generate different fibril structures, different assembly mechanisms may co-exist for the same tau protein. Since different tau isoforms and constructs form a similar polymorphic set of fibril structures that all contain β-stacked tau repeat domains (45) (46) (47) , it may be speculated that all tau protein assemblies share common structural similarities. For the coexisting polymorphic fibril shapes one could think of different explanations. On the one hand, a variation in the β-stacking of tau molecules could cause a set of different subunits, each of which assemble into a different fibril structure. Otherwise, tau may assemble into structurally similar subunits that organize differently to form polymorphic fibril shapes. For MTs it is known that minute differences in the tubulin binding angles result in different curvature of their protofilaments (48) (49) (50) . Applying this principle to tau fibrils, small variations in the tau subunit conformations or interactions could result in fibrils that have different curvatures in their solution state, which, in turn, appear as different twisting degrees when adsorbed to a flat surface. For example, a non-curved flat ribbon would appear as a thin smooth fibril on the surface, while a slightly curved flat ribbon would adsorb as a thin corrugated fibril. Thick corrugated fibrils could be described by fibrils that are highly and regularly curved in solution and twist even after adsorption to the surface. Although all tau isoforms and constructs showed a similar structural polymorphism, the frequency at which certain fibril morphologies were populated was characteristic for each tau variant (Table S1 ). One may speculate that the structural polymorphism of tau fibrils is related to the properties of the tau protein (10) . Several examples for different fibril morphologies were reported for Aβ and other amyloid fibrils (51) (52) (53) (54) (55) . Similarly to tau fibrils, these amyloid fibrils differ in twist and bending. Tau fibrils can also show differences in their cross-over repeats, namely straight fibrils and PHFs, can coexist in in vitro fibril preparations of different tau proteins (56, 57) . It has been discussed that this structural variability could reflect different protein assemblies. When AFM imaging fibrils of the FTDP-17 (frontotemporal dementia and parkinsonism linked to chromosome 17) related deletion mutants (Fig.  S3 ), hTau40ΔK280 and K18ΔK280, fibril morphologies and dimensions were similar to wild type hTau40. However, the greater β -sheet propensity of the ΔK280 mutation increases the tau aggregation rate (58) and changes the ratio of smooth and twisted thin fibrils (Fig. S3, Table S1 ). For example K18 assembles predominantly into thin smooth fibrils but K18ΔK280 assembles into both thin smooth and thin twisted fibrils. Additionally, the formation of thick twisted fibrils is largely enhanced for K18ΔK280 (50% thick fibrils, Table S1 ) compared to wild-type K18 (20% thick fibrils). These alterations in the fibril morphology distributions are less pronounced when comparing hTau40 with hTau40ΔK280 (Table S1) . From these results it may be assumed that certain fibril morphologies contain higher β -sheet percentage than others. To test this hypothesis would require to select tau fibrils by their morphology and to analyze their specific β -sheet content by other methods, i.e. circular dichroism.
Thin and thick tau fibrils: Flat and twisted ribbons? One critical parameter to distinguish fibrils of different morphological classes is to measure their height in AFM topographs. While thin smooth fibrils showed a single Gaussian height distribution (Fig. 3B) , the thick fibrils showed a bimodal height distribution (Fig. 3D) . It may be concluded, that these thick fibrils represent PHFs. Two alternative PHF models have been discussed in the literature. One model assumes a single flat ribbon structure with an internal twist around the fibril axis (59-61). The other model suggests two protofibrils twisted around each other, hence the name "paired helical" (Kidd, 1963; (16, 17) . The coexistence of thin and thick tau fibrils is suggestive of the interpretation that PHFs consist of two strands. However, in our high-resolution AFM topographs the majority of thick fibrils (~95 %) do not expose characteristic substructures that could be assigned to two smaller fibrils. In addition, a two-stranded fibril should show a much lower flexibility than single protofibrils. In contrast, the persistence length of thick fibrils was found to be slightly lower than that of thin smooth or thin twisted fibrils (Table S3) , which indicates a higher flexibility of the thick fibrils. When breaking upon adsorption to a surface or mechanical stress, tau fibrils never showed double ends as it would be expected when breaking up a two-stranded fibril. Moreover, when mechanically stressed, thin and thick fibrils disassembled into fragments that were connected by one thread-like chain. We therefore conclude that these thick fibrils are not composed of two individual fibrils.
Thick fibrils showed height corrugations ranging from ~11 to 19 nm (hTau40), and from ~10 to 16 nm (K19). The mean thin fibril height was ~11 nm for hTau40 and ~9 nm for K19. Thus, thick and thin fibrils show the same minimum height of ~9-11 nm. The thin fibrils clearly suggest that tau assembles into flat ribbons. Apparently, these tau ribbons can be corrugated and in some cases we have observed the transition of a smooth thin ribbon into a corrugated thin ribbon. However, such a thin tau ribbon, if twisted around its longitudinal axis, could easily form a thick twisted fibril. Thus, the polymorphic tau fibrils would expose the same basic architecture of a ribbon providing a consistent explanation of the observed structures. Small differences in the interactions between the tau subunits may induce changes in their packaging and lead either to flat, slightly corrugated or twisted tau ribbons or fibrils. In summary our data suggests that the appearance of thin and thick tau fibrils by AFM is based on similar ribbon-like structures. The periodicity and corrugation observed in the majority of thick tau fibrils is likely to be explained by a twisted ribbonlike fibril (59, 62) . If this twisted fibril would be stretched out it would show a similar height and width as a thin tau fibril (reminiscent of a coiled telephone cord after stretching). The height and width of such a flat 'thin' tau ribbon would be ~9-11 nm and ~15-18 nm, respectively. Surprisingly, the dimensions of the ribbons are nearly independent of the tau protein from which it was assembled, even though the tau proteins differed more than 4-fold in mass. Possible explanations are discussed below.
The "fuzzy coat". It is widely accepted that tau assembly into fibrils is mediated by interactions of β-strands in their repeat domains (45, 58) . However, the structure of the tau domains outside the repeats in aggregated fibrils remains an open question. Limited digestion of PHFs removes these domains, leaving behind a "PHF core" built essentially from the repeat domains (60, 63) . Thus, it has been suggested that the tau termini form a "fuzzy coat" surrounding the PHF (20) . However, the nature of this coat has remained elusive. We hoped to shed light on this issue by comparing tau fibrils with different domain compositions. For example, in the case of full length tau, the repeat domain comprises ~27% of the mass (~120 aa/441 aa, Fig. 1A) , so that the cross-section dimensions of fibrils from the full-length protein should be almost 4 times larger than fibers from the repeat domain only. However, our topographs show that both full-length and short tau constructs assemble into structurally similar thick and thin fibrils. The height difference between thick fibrils from hTau40 and K18 was only ~2nm (Table S1) , and even less when comparing thick fibrils of hTau23 vs. K19 and hTau40ΔK280 vs. K18ΔK280. Such small differences are in agreement with electron microscopy data showing the width difference between fibrils assembled from hTau40 and K18 is minute (1-2 nm) and poorly detectable (31) . These differences in AFM height and corresponding EM width are too small to account for the "missing mass" of the tau terminal domains. From structural studies, the tau terminal domains are described as protruding from the fibril surface like a polymer brush (21, 64) . This model is supported by AFM force spectroscopy measurements on a brush of tau molecules that were densely adsorbed to a mica surface via their repeat domain (65) . In this case, repulsive electrostatic forces between the protruding termini and the approaching AFM tip could be detected which decreased with increasing salt concentration in the surrounding medium. This is reminiscent with the behavior of a brush consisting of densely packed, unstructured polyelectrolyte chains.
The conformation and, thus, extension of surface immobilized unstructured polypeptides in solution largely depends on their surface density (reviewed in (66)). A dense packing enhances the polypeptide extension to form a polymer brush while separation of neighboring polypeptides, large enough to prevent chain interactions, results in chain collapse onto the surface (67). According to this model of a polymer brush, there are different scenarios to explain how the unstructured tau termini may establish the "fuzzy coat" of tau fibrils. i) A high packing density of tau on the fibril surface would force their termini to fully protrude. In this case the contribution of the termini to the fibril thickness would be that of extended polypeptide chains and much different for fulllength tau and terminally truncated tau constructs. Assuming that every peptide of the N-terminus (~240 aa) and C-terminus (~70 aa) contributes ~0.3 nm to the polypeptide length, fibrils assembled from hTau40 would show a reasonably thick coat of ~20-70 nm. ii) A medium or lower packing density of tau molecules would allow their termini to collapse onto the fibril surface. The thickness of such a collapsed layer would be in the range of the radius of gyration of the polypeptide in solution, R g , and can be estimated using the freely jointed chain (FJC) model for flexible polymers (68) . For proteins, each peptide bond can be modeled as one subunit with a length of ~0.4 nm, and a Kuhn length b of 0.4-0.8 nm describes the elastic behavior of the polymer (69, 70) . The height of an isolated unstructured collapsed polypeptide is then given by H col ≈ b*N 3/5 (67) where N is the number of peptides in the peptide chain. A layer of collapsed tau N-terminal domain (~240 aa) and Cterminal domain (~70 aa) on the fibril surface would show minimum heights of H col, Nterm ≈ 0.4 nm * 243 3/5 ≈ 10.8 nm and H col, Cterm ≈ 0.4 nm * 69 3/5 ≈ 5.1 nm, respectively. These values are much closer to the ~1-2 nm coat thickness detected in AFM and EM than the contribution expected for an extended polymer brush. However, these estimates are valid for isolated polymer chains on a surface and, thus, still underestimate the thickness of the polymer brush that would be generated by many tau proteins assembled into a fibril (assuming ~4 tau molecules per nm fibril length (63)). iii) The third scenario assumes that the tau termini protrude from the fibril surface at a similar medium to low density but show a stretched-out conformation. In this case the termini would form a loose but extended hydrophilic polymer brush. Such a soft brush may be too flexible to be imaged by AFM and stained for EM imaging. It has been assumed that during AFM imaging loose polymer brushes may escape the AFM stylus (reviewed in (66)). For the flexible termini of full-length tau bound to MTs a loose polymer-brush model with a comparable low apparent polymer chain extension has been proposed (22) . Tau stabilizes MTs by binding to their outer surface via several regions in the repeat domain, while the termini protrude brush-like (71), similar to the "fuzzy coat" that is thought to surround PHFs. AFM imaging of MTs that were coated with tau molecules revealed a continuous ~1 nm thick layer on their outer surface (72) , which indicates that the bound repeat domain of tau but not the loose terminal polymer brush was detected. Accordingly, this phenomenon may explain the surprisingly small contribution of the "fuzzy coat" to the fibril diameter of ~2 nm. In conclusion our data suggest that unstructured tau termini protrude from the fibril surface into the surrounding medium to form a loose fur-like brush, which explains the nature of the so-called "fuzzy coat".
Stability of tau fibrils. Mechanical as well as chemical stress induces tau fibril disassembly into fragments that remain somehow connected by thread-like chains. Whereas thin tau fibrils already disassembled at scanning forces of ~150-200 pN, thicker tau fibrils required higher scanning forces of ~300 pN to disassemble. Thereby, thick fibrils tended to break into shorter fibrils, even though their flexibility was slightly higher compared to thin twisted or smooth fibrils. However, these fragments disassembled from thick fibrils could further fragment into small fragments that were connected by thread-like chains, such as observed for the disassembly of thin fibrils. Exposure to a hydrophobic surface induced spontaneous disassembly of tau fibrils into "pearl chains". Thick fibrils first broke into smaller pieces that then further fragmented such as observed for thin fibrils. For adsorption times of ~30 min, the number of tau fibrils remaining intact was higher for thick ones (Fig, S4F, arrow heads) . Upon exposure to the hydrophobic HOPG surface over longer times (>75 h), all thin and thick fibrils completely disassembled into thread-like chains. These results indicate that thicker tau fibrils are more stable than the thinner ones but that the disassembling structures are similar. Furthermore, it can be concluded that chemically and mechanically induced disassembly of tau fibrils follows similar ways and produces distinct structural entities.
Currently, the modes of toxicity of different assembly forms -namely monomers, oligomers and fibrils -as well as their impact on in vivo aggregation are extensively discussed for tau (73) and for other amyloidic proteins like the prion protein and amyloid-beta (reviewed in (74)). Recently it was shown that a human mutant tau domain which is highly prone to aggregate, can induce the co-aggregation of endogenous wild-type tau in mice (75) . Oligomeric tau aggregates, when added to the culture medium, become endocytosed and then function as nucleation seeds for intracellular aggregation of endogenous tau in cultured neural C17 cells (76) . So far no such propagation of aggregation on cells was observed for intact tau fibrils. However, the mechanically or chemically induced fragmentation of fibrils into oligomers as we show here in vitro could also reflect a way to generate nucleation seeds for in vivo aggregation of tau proteins.
Fragments and thread-like chains of thick and thin fibrils looked similar. The fragments have a size of ~15nm (length) x ~9nm (height) x 15-18nm (width) and are, thus, too large to reflect single tau molecules. Therefore they must reflect larger assemblies of tau molecules. It may be speculated whether the thread-like connectors could be tau termini. At this stage we cannot state how many tau molecules make up one oligomeric tau fragment, and how many termini may be required to form the thread-like connections between the fragments. The current structural model of PHFs suggests a partially hydrophobic core of stacked β-strands and a mostly charged hydrophilic outer surface (21) . From an entropic point of view, a protein exposed to a sufficiently hydrophobic surface unfolds and attaches its formerly hydrophobic interior to the surface (40) . This unfolding minimizes the hydrophobic surface exposed to water. Such denaturation of proteins interacting with a hydrophobic surface is well known (77) . Our experiments show that exposure to hydrophobic surfaces can be easily used to destabilize and disassemble tau fibrils. However, coating the hydrophobic surface with polar or charged molecules inhibited the spontaneous fragmentation of tau fibrils. We also observed that increasing the electrolyte concentration prevented tau fibrils to destabilize and disassemble when exposed to hydrophobic surfaces. With increasing electrolyte concentration both attractive and repulsive electrostatic interactions between surface charges become compensated by counter ions (78) . Hydrophobic interactions remain mainly unaffected by the electrolyte. The fact that compensating of electrostatic interactions prevents tau fibrils from hydrophobically induced denaturation suggests that the electrostatic interactions rather tend to destabilize tau fibrils (79, 80) . Such electrostatic contributions would not be restrained to the "fuzzy coat" of the fibril surface since we observe the same phenomenon for full-length hTau40 and the terminally truncated tau constructs. On the other hand polyelectrolyte brushes extend in low-salt conditions and collapse in environments with increased salt concentration (81) . This reduction in chain extension was also observed for surface immobilized soluble tau by AFM (65) . A collapse of the tau termini in the "fuzzy coat" would increase the charge density on the fibril surface, what may be the mechanism behind the protection of the tau fibrils against hydrophobic induced disassembly at higher -physiological relevant -salt concentrations. The protective effect of the surface charge density that is generated by coating the hydrophobic HOPG surface with charged amino acids would strengthen this hypothesis. To examine the critical density of such a protective "charge coat" and its actual relevance for protecting the fibrils from disassembling is an interesting issue for prospective studies. However, all these results emphasize the key role of hydrophobic interactions to maintain the integrity of tau fibrils. Stretching this idea further, chemically induced fibril destruction could also play a role in vivo. Following the suggested nucleation-elongation pathway of tau aggregation (82) , the production of smaller, oligomeric aggregates, which can function as nucleation seeds (32) and can be transferred to other cells by unknown intermediate steps (83) , may be a trigger of tau aggregation in AD or other tauopathy brains. In this context it could be of greatest interest to examine the physiological conditions that destabilize tau fibrils and result in their fragmentation. Fig. 1. Survey of tau isoforms, constructs, and fibril assembly. A, The sequences of tau isoforms and constructs assembled into fibrils in the presence of heparin are sketched in a bar diagram. The two hexapeptide motifs (black bars) involved in PHF core formation are located in repeat 2 and 3 (R2, R3). The position of the lysine 280 deletion mutants in hTau40∆K280 and K18∆K280 is indicated by red dots. B, EM image of K18∆K280 fibrils with the typical appearance of paired helical filaments (PHFs). C, Nonselective EM images of hTau40 fibril preparations show a heterogeneous mixture of fibril shapes. D, AFM topographs of the same fibril preparation confirm the heterogeneity of fibril structures but reveal details with superior contrast. Fibril morphologies differ in length, bending, internal twist, periodicity and thickness ( for thick fibrils, bright yellow on color scale, and  for thin fibrils, brown on the color scale). This structural heterogeneity was largely independent of the tau isoform and construct from which the fibrils self-assembled (Fig. S1-S3) . Notably, while the fibril thickness in EM images is given by the apparent width of the structure, it is reflected by the fibril height in AFM topographs. AFM topographs were recorded in imaging buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl) and exhibit a full color range that corresponds to vertical scale of 25 nm as indicated by the color scale bar. Length scale bars in B, C and D correspond to 100 nm. . Periodicities of hTau40 and K19 fibrils were obtained from Fourier transform spectra measured along the fibril axis and correspond to the maxima in the power spectrum (asterisks). N, Fourier transform spectrum obtained for a single thin hTau40 fibril, in this case showing a stack periodicity of 22 nm (*) and a twist periodicity of 77 nm (**). O, The most probable periodicities for twisted thin (n=38) and thick (n=12) hTau40 fibrils and twisted thin (n=47) and thick (n=20) K19 fibrils were attained from Gaussian fits to periodicity distributions. The periodicities of stacked subunits in smooth thin fibrils of hTau40 (n=16) and K19 (n=11) were determined in the same way. AFM topographs were recorded in imaging buffer (10 mM Tris-HCl, pH 7.4, 50 mM KCl) and exhibit a full color range that corresponds to a vertical scale of 30 nm. Length scale bars equal 200 nm in A and G and 50 nm in B-F and H-N. Fig. 3 . Analysis of tau fibril thickness. Fibrils with a clear difference in thickness (height) coexist in the same preparation of hTau40 (A) and K19 (C). AFM topographs were taken to perform height measurements of thin (A, C, labeled ) and thick fibrils (A, C, labeled ) assembled from hTau40 (B) and K19 (D). The difference in height between thin and thick fibrils ranges from ~2 nm (lower heights) to ~4.5 nm (higher heights) for hTau40 fibrils and from ~2.5 nm (higher heights) to ~3 nm (lower heights) for K19 fibrils. Full color range corresponds to a vertical scale of 35 nm. Length scale bars in A and C correspond to 50 nm. 
Considerations on AFM and EM resolution
The resolution of AFM fibril topographs is different for the three spatial directions because of the AFM stylus. In the surface plane (x,y-plane), the apparent width, and thus the diameter of the fibrils, is enlarged due to non-linear stylus convolution, also known as "stylus imaging" or "stylus broadening" (Allen et al., 1992; Kacher et al., 2000) . The observed diameter is roughly twice the geometric mean of fibril diameter d and stylus diameter D, i.e. d obs ~ 2√(d*D). Since the stylus shape and diameter can vary between cantilevers of the same kind, d obs is not a reliable indicator of the true diameter. In our case, a fibril width of d=10-20 nm and a nominal stylus diameter of 20 nm leads to d obs in the range of 30-40 nm. To account for this effect, the dimensions of the fragments from disassembled fibrils were determined at full width of half maximum height. However, when scanning within fibrils, where height corrugations are small, the lateral spacing, and thus the periodicities can be determined with resolutions approaching ~1 nm (Engel et al., 1997; Hansma and Hoh, 1994) . Heights of fibrils (vertical z-direction) can be measured accurately at resolutions of ~0.1-0.5 nm. Height measurements in oscillation mode AFM imaging were calibrated using purple membrane from Halobacterium salinarium (height 5.6 nm) (Muller and Engel, 1997) as height standard. By contrast, EM images of negatively stained fibrils have typically a resolution of ~2 nm in the x,y-plane and little information about the z-direction. Thus, fibril diameters are measured as fibril widths in EM images but as heights in AFM topographs. HOPG (B, F) . Height distributions reveal 9.0±2.0 nm (n=102) for fragments and 2.6±1.0 nm (n=74) for thread-like connections (n=74) of mechanically disassembled hTau40 fibrils (C). Similar heights were detected for fragments (9.3±1.3 nm, n=27) and thin connections (1.5±1.3 nm, n=21) as fibrils disassemble upon exposure to a hydrophobic surface (D). (E-G) Topographs of hTau40 fibrils adsorbed onto differently treated surfaces. Adsorption to freshly cleaved muscovite mica at its isoelectric point of pH 5.0 (E) shows fibrillar morphologies similar to negatively charged mica surfaces at pH 7.4 ( Fig. 1,2) . When adsorbed onto hydrophobic HOPG (B, F) in low-salt (50 mM KCl) buffer at pH 7.4, long stretches of fibrils, regardless of their former morphology, appear "fragmented" with the fragments remaining connected by thread-like structures of different lengths. In any case, thick fibrils seemed less effected by the HOPG exposure leaving a higher percentage of them intact on the surface (green arrow heads in F). (G) Coating the HOPG with negative-charged, polar amino acid glutamate markedly inhibits fibrillar fragmentation at 50mM KCl and pH 7.4. The same effect was observed for coating HOPG using negatively and positive charged amino acids glutamate and poly-L-lysine, respectively (data not shown). Triangular structures represent defects of the supporting HOPG surface. AFM topographs were recorded in buffer solution imaging buffer and exhibit a full color range that corresponds to a vertical scale of 20 nm. Length scale bars correspond to 100 nm in A and B and to 1000 nm in E-F. Table S1 . Height (thickness) and periodicity of fibrils assembled from different tau proteins. Average height (mean±SD) of thin and thick fibrils derived from hTau40, K18, hTau23, K19, hTau40ΔK280 and K18ΔK280 were determined from AFM topographs. For thick and thin twisted fibrils, the height was measured at the lowest and highest elevations along the fibril. Note that for the thick fibrils of all tau proteins, the lowest and highest heights are in a similar range (9-11 nm vs. 16-18 nm), in spite of the gross differences in molecular weight. Table S2 . Periodicity of fibrils assembled from different tau proteins. Most probable periodicities occurring in thin and thick fibrils. Fourier spectrum analysis of fibril topographies derives their periodicities. Most probable values were obtained from Gaussian fits to distributions. Note that the periodicities are roughly comparable for fibrils from all tau proteins and repeat domains, i.e. short periodicities of 15-20 nm and twist periodicities in the range of 45-50 nm for thin fibrils and ~60 nm for thick fibrils. Table S3 . Persistence length and mean bending angle of different hTau40 fibril classes. Bending angles of fibrils were obtained by employing a semi-automated tracking algorithm. A step-size of twice the length of the smallest fibril periodicity (2 x 15 nm = 30 nm) was chosen to partition each fibril into uniform segments and the bending angle between consecutive 30 nm-segments was measured. Most probable bending angles for each fibril class were obtained from Gaussian fits to the angle distributions of all fibrils in one class. Persistence lengths values were calculated for each fibril from the variance of its bending angles. The most probable value of all fibrils in one class was attained by Gaussian fits to the persistence length distributions.
